Analysis by dinitrophenylation techniques revealed the occurrence of significant amounts of glucosamine residues with free amino groups in the peptidoglycan component of cell walls isolated from Bacillus cereus, Bacillus subtilis, and Bacillus megaterium. A close correlation was demonstrated between the content of N-unacetylated glucosamine residues in the peptidoglycan component and the resistance of the cell walls to lysozyme. These lysozyme-resistant cell walls and peptidoglycan were converted into a lysozymesensitive form by means of N-acetylation with acetic anhydride. Thus, the occurrence of the N-unacetylated glucosamine residues in the peptidoglycan component accounts for the resistance of these cell walls to lysozyme. The N-unacetylated glucosamine residues were not found in a significant amount in the cell walls of Micrococcus lysodeikticus, Staphylococcus aureus, Streptococcus faecalis, Lactobacillus casei, or Lactobacillus arabinosus.
residues. Thus, it became of interest to determine whether the N-unacetylated glucosamine residues are a general occurrence in cell walls of various bacteria, or not. This paper reports that the N-unacetylated glucosamine residues occur also in the cell wall peptidoglycan from Bacillus megaterium and Bacillus subtilis and are a factor responsible for resistance of the cell walls to lysozyme. MATERIALS ATCC 4698 were also used. B. cereus, B. megaterium, S. aureus, and B. subtilis were grown under the same conditions as those described for growth of B. cereus in the previous report (3) . L. arabinosus and L. casei were grown as described by Baddiley et al. (5) . S. faecalis was grown in a medium containing 1% tryptone, 0.5% yeast extract, and 1% K2HPO4 at pH 7.0. M. lysodeikticus was grown as described in a previous paper (3) . Cells harvested at half-maximal growth were disrupted with glass beads in a sonic oscillator, and cell walls were isolated by the method of Cummins and Harris (7) with a small modification as described previously (3) .
Peptidoglyean. Cell walls were treated in 0.1 N HCl at 60 C for 24 hr to remove acid-labile components such as teichoic acid and polysaccharide (11) . The insoluble fraction was recovered by centrifugation, washed repeatedly with water, lyophilized, and used as peptidoglycan. 
RESULTS
Analysis of cell walls and peptidoglycan. Table 1 summarizes data on analysis of the cell wall and peptidoglycan preparations. Each preparation had alanine, glutamic acid, muramic acid, and either lysine or diaminopimelic acid in an approximate molar ratio of 2: 1: 1: 1. In addition, the peptidoglycan from M. lysodeikticus and S. aureus contained glycine, and the peptidoglycan from L. casei and S. faecalis contained aspartic acid. The content of other amino acids was less than 30 nmoles per mg. These data indicate homogeneity of the cell wall and peptidoglycan preparations. The excess content of glucosamine over that of muramic acid and glutamic acid in some cell wall preparations is accounted for by the presence of polysaccharide or teichoic acid which contains glucosamine.
Determination of free amino groups revealed that all the cell wall preparations from the strains of B. cereus, B. subtilis, and B. megaterium contained significant amounts of N-unacetylated glucosamine residues. Most of the excess glucosamine residues were removed from the cell walls on the acid treatment carried out to isolate peptidoglycan, whereas some peptidoglycan preparations, particularly that from B. cereus AHU 1356, still had excess glucosamine, which is believed to be due to the presence of a residual amount of the polysaccharide component. The values of the molar ratio of N-unacetylated glucosamine to glutamic acid do not differ significantly between the cell wall and peptidoglycan preparations from each bacterial strain (Table 1 ). This suggests that the N-unacetylated glucosamine residues are present only in the peptidoglycan component, although the possibility that some minor proportions of these residues may also be distributed in other components than peptidoglycan cannot be excluded (1, 3). Therefore, the molar ratio of N-unacetylated glucosamine to glutamic acid was adopted as a measure of the extent of N-unacetylation at the glucosamine residues in the peptidoglycan component of cell walls.
On the basis of this value, the cell walls examined seem to be classifiable into three groups. In the cell walls of the first group, which includes the cell walls of AHU 1356 and two other strains (3) of B. cereus, the majority of the amino groups in the glucosamine residues of the peptidoglycan component are free. Sensitivity of cell walls to lysozyme. The cell walls of B. cereus AHU 1356 exhibited unusually strong resistance to lysozyme as reported previously (2, 3) . Removal of the O-acyl groups, polysaccharide component, and peptide moiety from these cell walls had no effect on their resistance to lysozyme. On the other hand, N-acetylation caused drastic decrease in the resistance of the cell walls and peptidoglycan to lysozyme as shown in Fig. 1 . B. cereus AHU 1030 cell walls, which are N-unacetylated at a minor proportion of Nacetylglucosamine residues in the peptidoglycan component, had moderate sensitivity to lysozyme. N-acetylation increased the rate and extent of lysozyme digestion of the cell walls and peptidoglycan from this strain as measured either by turbidity reduction or reducing group liberation. The effect of N-acetylation on the extent of reducing group liberation was evident even when the lysozyme concentration and incubation time were increased. Thus the cell walls after N-acetylation.
The results obtained with the cell walls of B. subtilis ( Fig. 2) and B. megaterium were essentially the same as those with the cell walls of B. cereus AHU 1030 in respect to the effect of N-acetylation. The lysozyme resistance of this group of cell walls was partly accounted for by the presence of the polysaccharide or teichoic acid component. The peptidoglycan preparations obtained after removal of these components by acid treatment still had considerable lysozyme resistance, which declined following N-acetylation. Table 2 summarizes the data on the extent of reducing group liberation during lysozyme digestion of the peptidoglycan preparations and their N-acetylation products. These data indicate that the N-acetylation-dependent increase in lysozyme sensitivity correlates closely with the extent of N-unacetylation at N-acetylglucosamine residues in peptidoglycan. It seems, therefore, most likely that the occur- aReducing group liberation was assayed after incubation with lysozyme for 6 hr under the conditions described in the text.
"The values were calculated as 100(B-A)/B, where A and B refer to reducing group liberation with peptidoglycan before and after N-acetylation, respectively.
rence of the N-unacetylated glucosamine residues in peptidoglycan is responsible for the resistance of the first and second groups of cell walls to lysozyme. The alternative possibility, that the lysozyme resistance of the cell wall peptidoglycan of B. subtilis and B. megaterium is due to the presence of the free amino groups in the peptide moiety, is unlikely since the rate and extent of reducing group liberation on lysozyme digestion of these peptidoglycans were not influenced by prior treatment with N-acetylmuramyl-L-alanine amidase as shown in Fig. 3 .
In contrast to the cell walls in the first and second groups, those in the third group, with the exception of S. aureus cell walls, have lysozyme-sensitive peptidoglycan. The lysozyme digestion of these peptidoglycans was not influenced by N-acetylation as shown in Table  2 . The resistance of these cell walls to lysozyme should be accounted for in terms of some other factors. For example, the resistance of the cell walls of L. casei and L. arabinosus to lysozyme appeared to depend partly on the occurrence of O-acyl groups and mostly on the occurrence of polysaccharide or teichoic acid. The N-acetylation-induced increase in lysozyme sensitivity of staphylococcal peptidoglycan may be ascribed to either blocking of the amino groups of the peptide moiety or partial degradation of the peptide cross-linkage in alkali (4) . As shown in 
DISCUSSION
The finding of N-unacetylated glucosamine residues in the cell walls of B. subtilis and B. megaterium, together with the previous demonstration of these residues in B. cereus cell walls (2, 3) , suggests the possibility that the N-unacetylated glucosamine residues may be distributed somewhat widely among cell walls of bacilli. Ingram and Salton (9) have described the occurrence of muramic acid residues with free amino groups in lysozyme digests of M. lysodeikticus cell walls, and Mirelman and Sharon (14) have isolated a disaccharide with an N-unacetylated muramic acid residue from the lysozyme digests of the M. lysodeikticus cell walls. Unlike the Nunacetylated glucosamine residues, the Nunacetylated muramic acid residues were not found in the cell walls of the examined strains other than M. lysodeikticus. The The importance of the acetamido groups of N-acetylglucosamine residues in the formation of the lysozyme-substrate complex was predicted by Phillips and his collaborators (17) on the basis of the X-ray crystallographic model. On the other hand, Shockman et al. (18) and Perkins (16) have reported that N-acetylation induces significant increase in lysozyme sensitivity of cell walls from M. lysodeikticus, Corynebacterium tritici, B. megaterium, and S. faecalis. This effect of N-acetylation seemed to be explained in terms of the blocking of the free amino groups in the peptide portion of the peptidoglycan component. The present result indicates that the effect of N-acetylation on the lysozyme sensitivity of the cell walls from the strains of B. cereus, B. subtilis, and B. megaterium is accounted for by the blocking of the free amino groups of the glucosamine residues in.the peptidoglycan component.
With the intact and the N-acetylated cell walls of B. cereus, Araki et al. (3) previously demonstrated that the sensitivity of these cell walls to lysozyme depends upon the degree of N-acetylation at the glucosamine residues in the peptidoglycan component. In the present investigation, the extents of lysozyme digestion were compared between the cell wall polymers from different sources in terms of reducing group liberation, which appeared to be a more quantitative measure of digestion than turbidity decrease. The N-unacetylated glucosamine contents shown in Table 1 were not corrected for the loss of DNP-glucosamine during analysis. The recovery of N-unacetylated glucosamine, as measured in the analysis of glucosaminyl-$(1 --4)-muramic acid under the conditions used for the assay of free amino groups, was about 70%. Taking account of this percentage, the actual values of the extent of Nunacetylation at N-acetylglucosamine residues in the examined cell wall peptidoglycan are believed to be 26 to 33% for B. subtilis, 34 to 40% for B. megaterium, and 33 to 100% for B. cereus. These corrected values of the extent of N-unacetylation at N-acetylglucosamine residues coincide approximately with the percentages of the N-acetylation-dependent fraction in reducing group liberation, that is, 33 to 43% for B. subtilis, 40 to 42% for B. megaterium, and 42 to 99% for B. cereus, as shown in Table 2 .
From this result, it seems most likely that lysozyme cannot hydrolyze the glycosidic linkages adjacent to the glucosamine residues with free amino groups. Thus, on lysozyme digestion, the peptidoglycan partially N-unacetylated at N-acetylglucosamine residues is expected to yield oligosaccharides, which resist further digestion. Studies on the isolation and characterization of such oligosaccharides will be described elsewhere. Furthermore, the above evidence suggests the presence of a specific enzyme which catalyzes deacetylation of the N-acetylglucosamine residues in peptidoglycan. Such an enzyme has been reported in a previous paper (1) .
